requirements. Non-Redfi eldian uptake stoichiometry can also be observed for phosphorus: several phytoplankton can replace their membrane phospholipids with sulfur-based lipids while some also have the capability of using dissolved organic phosphorus sources. The use of dissolved organic phosphorus as well as other dissolved organic nutrients has traditionally been attributed only to heterotrophic organisms that degrade organic matter. However, evidence suggests that dissolved organic material can also be used for autotrophic growth but its role is largely unknown and generally not accounted for in uptake stoichiometries.
Intriguingly, in most of the ocean the overall stoichiometry of inorganic nutrients is close to the Redfi eld ratio. This is partially the result of the responsiveness of the nitrogen cycle to deviations from Redfi eld. High productivity and the resulting consumption of oxygen can lead to anoxia in poorly ventilated regions ( Figure 1C ). Here nitrogen is lost from the ocean by either denitrifi cation or anammox, leaving the inorganic nutrients enriched in phosphate relative to nitrate. This excess phosphate is thought to benefi t the N 2 -fi xing microorganisms (or diazotrophs), which are not limited by nitrogen. Any lost nitrogen would thus be replaced by N 2 -fi xation activity on longer time scales. Deviations in the nitrate to phosphate ratio have therefore been used to assess the relative and absolute importance of N 2 fi xation and denitrifi cation and/or anammox, by calculating the surplus of nitrate to phosphate (N*) relative to the Redfi eld ratio. Positive N* values indicate the addition of nitrogen by N 2 fi xation while negative N* values indicate nitrogen loss ( Figure 1C ). The balance between N 2 fi xation and denitrifi cation/anammox thus determines the overall availability of nitrogen in the ocean. Whether the modern ocean has indeed a balanced nitrogen budget, as compared to a net gain or loss of nitrogen, is still vigorously discussed. The fact that humans have dramatically altered the oceanic nitrogen cycle by adding industrially fi xed nitrogen to the environment complicates these analyses, in both direct measurements as well as geochemical calculations such as N*.
Primer
Patterns of nutrient limitation Phytoplankton take up nutrients at a ratio that varies considerably between different species and environmental conditions, but on average occurs at about 106 C : 16 N : 1 P : 0.0075 Fe (carbon : nitrogen : phosphorus : iron) throughout the ocean, which is commonly referred to as the Redfi eld ratio. Nitrogen and phosphorus are major constituents of cellular biomass, and iron is needed for a multitude of enzymes and electron transfer proteins, including those essential for photosynthesis. 'Liebig's Law' or the 'Law of the Minimum' states that growth should be limited by the most defi cient nutrient. This also means that if the most defi cient nutrient becomes available, another nutrient may instead limit productivity. In general, the availability of inorganic forms of nitrogen, phosphorus, iron and silica controls productivity on small and large scales, spatially and temporally.
Some ocean regions have less chlorophyll a than expected considering their concentrations of nitrate and phosphate ( Figure 1A,B) , the main forms of inorganic nitrogen and phosphorus in the ocean. These areas are known as high-nutrient lowchlorophyll regions ( Figure 1B ), namely the Southern Ocean, the Eastern Equatorial Pacifi c, and the Subarctic North Pacifi c. Fertilization experiments in the Southern Ocean have shown that the addition of iron to surface waters can increase primary production and phytoplankton biomass, indicating iron limitation. Yet, when silica is not very abundant, productivity can be colimited by this nutrient due to the high silica requirements of diatoms. When iron and silica limitation is alleviated, increased primary production does not necessarily lead to increased export of organic matter to deeper waters in these regions, as factors such as recycling in the euphotic zone also play an important role.
Outside high-nutrient low-chlorophyll areas, productivity in most of the ocean (~ 75%) is limited by the availability of inorganic nitrogen ( Figure 1B ), despite very low concentrations of iron and, in some cases, phosphate. This phenomenon might be due to the capability of some organisms to either effi ciently recycle iron intracellularly or by non-Redfi eldian cellular iron Current Biology 27, R431-R510, June 5, 2017 R475 
Important 'new' nitrogen: N 2 fi xation
Biological N 2 fi xation is the reduction of N 2 gas to ammonium ( Figure 2 ) and is catalyzed by the enzyme complex nitrogenase. N 2 fi xation has historically been described as an oxygen-sensitive and energy-expensive process that is inhibited in the presence of dissolved inorganic nitrogen, in particular ammonium. In addition, the nitrogenase complex has one of the highest enzymatic iron requirements. These early fi ndings have led to the assumption that N 2 fi xation in the marine environment is found only in regions where dissolved inorganic nitrogen is depleted and iron supply is high (that is, in the large subtropical gyres of the ocean in the Northern hemisphere ( Figure 1A ,B). These warm, nutrient-depleted waters are far from any coastal or riverine infl uence but do have a signifi cant supply of iron through aeolian dust deposition ( Figure 1D ). However, in the past two decades, this classical view of the global distribution of N 2 fi xation has been challenged. For example, N 2 -fi xing microorganisms (or diazotrophs) can also be found in colder waters. Furthermore nitrogenase activity can be limited by phosphate or co-limited by iron and phosphate. Unfortunately, experimental evidence is scarce with respect to how N 2 fi xation is regulated in the environment. On a larger spatial scale, the limitation of N 2 fi xation by either phosphate and/or iron might be very different. Waters overlying oxygenminimum zones (OMZs), for example, receive an excess of phosphate relative to nitrate from deeper waters indicated by negative N* values ( Figure 1C ). These areas have been suggested to harbor signifi cant N 2 fi xation. Experimental evidence, however, seems to suggest that, although N 2 fi xation is measurable, the magnitude of the rates does not match the supply of phosphate. The reason for this might be a lack of iron. In contrast, substantial rates of N 2 fi xation have been measured in areas with very low dust deposition such as the subtropical South Pacifi c or South Atlantic ( Figure 1D ). In some of these areas iron could instead be supplied by hydrothermal vents or shelf sediments (Figure 2 ).
In general, N 2 fi xation has largely been overlooked outside the tropical and subtropical ocean gyres ( Figure 1D ), although other areas are starting to receive attention. Areas such as continental shelves and the cold polar regions display a large excess of phosphate relative to dissolved inorganic nitrogen (that is, negative N* values) similar to OMZs, and could thus harbor signifi cant N 2 fi xation ( Figure 1C ). Further, existing N 2 fi xationrate measurements will need revision in the future because of methodological R476 Current Biology 27, R431-R510, June 5, 2017 biases of the two most commonly used methods to measure N 2 fi xation. The lack of unbiased, direct N 2 -fi xation measurements for many oceanic areas, combined with a lack of understanding of the environmental factors regulating microbial N 2 fi xation, lead to large uncertainties in the projected magnitude of global oceanic N 2 fi xation (current estimates put it at ~ 100-200 Tg of nitrogen per year). Without a clear understanding of the true magnitude of N 2 fi xation, biogeochemical modeling and climate prediction remain diffi cult.
One of the main challenges in studying marine N 2 fi xation is that we have a limited understanding of which organisms are responsible. The moststudied and best-known diazotroph in the ocean is Trichodesmium, a fi lamentous cyanobacterium that thrives in the tropical and subtropical oceans, where its distribution is generally limited to waters warmer than 20°C. Historically, this organism has been viewed as the only signifi cant diazotroph for marine N 2 fi xation. However, we now know that there are other important diazotrophs in the ocean including, for example, a symbiosis between a N 2 -fi xing unicellular cyanobacterium and a unicellular, eukaryotic alga. Due to their low abundance, the study of diazotrophs using -omics tools has been limited. Yet, diversity analyses of the nifH gene (coding for nitrogenase reductase) indicate that there are many more, likely heterotrophic, diazotrophs in the ocean that have so far evaded identifi cation and cultivation.
Recycling
Most of the nitrogen that phytoplankton require for growth is supplied by the remineralization of organic matter. Ammonium released from remineralized material is either assimilated directly or oxidized to nitrate by microorganisms in a process termed nitrifi cation (Figure 2) . Ammonium remains below detection in much of the ocean, whereas nitrate accounts for as much as 88% of the dissolved inorganic nitrogen pool. This suggests that when ammonium is produced, it is immediately consumed or converted into nitrate. The recycling of nitrogen supports approximately 80% of primary productivity in surface waters (~ 6,800 Tg of nitrogen per year) and also occurs at substantial levels within the deep ocean. Other products of organic matter remineralization include dissolved inorganic carbon, phosphate and trace elements such as iron (Figure 2) . Although remineralization releases dissolved organic carbon, nitrogen and phosphorus, the signifi cance of these in nutrient recycling is, as yet, unclear. The stoichiometry of remineralization can result in deviations from Redfi eld, yet the factors that likely drive such deviations, for example oxygen conditions, remain poorly understood.
Nitrifi cation is a two-step process linking the most reduced and oxidized forms of nitrogen. During nitrifi cation, ammonia is fi rst oxidized aerobically to nitrite and then subsequently to nitrate (Figure 2) , with each step performed by specialized groups of microorganisms. The occurrence of nitrifi cation in the deep ocean plays a central role in nutrient recycling, as it is a key source of nitrate, which is subsequently mixed or upwelled into surface waters, fuelling primary productivity (Figure 2) . The extent and regulation of nitrifi cation in the euphotic zone are unclear and may vary by region, as both steps of nitrifi cation can be inhibited by light. Furthermore, despite many years of research, the full diversity of nitrifi ers has likely not yet been revealed.
Until this century, it was thought that ammonia-oxidizing bacteria belonging to the proteobacteria were solely responsible for oceanic ammonia oxidation, despite their general low abundance. This dogma was overturned after molecular techniques and isolation studies showed that members of an extremely abundant archaeal clade, the Thaumarchaeota, are major players in oceanic ammonia oxidation. These ammonia-oxidizing archaea appear to have an exceptionally high affi nity for ammonium, more than 200 times greater than that reported for ammonia-oxidizing bacteria, potentially explaining their dominance in marine waters devoid of ammonium. This also suggests that ammoniaoxidizing archaea could potentially compete with phytoplankton and heterotrophs for ammonium in the open ocean. Furthermore, ammonia oxidation can form the potent greenhouse gas nitrous oxide (N 2 O; Figure 2 ) and is a key contributor to oceanic nitrous oxide emissions.
Traditionally, ammonia oxidation was assumed to be tightly coupled to the second step of nitrifi cation, nitrite oxidation. As such, nitrite oxidation has rarely been studied as a stand alone process. Studies of nitrite oxidation in the marine environment are increasing, particularly as the fi eld has been invigorated by recent studies showing that bacteria catalyzing this reaction can be versatile, with the potential to carry out metabolisms including mixotrophy, phototrophy and chemoorganotrophy. There are now indications that nitrite oxidation is not always closely coupled to ammonia oxidation; yet the community has only recently begun to unravel the factors that might regulate nitrite oxidation in the ocean. For example, the high oxygen affi nity of nitrite oxidizers suggests that, even at nanomolar oxygen concentrations, they can compete with denitrifi ers and anammox bacteria for nitrite, thus reducing nitrogen loss (Figure 2 ).
Nitrogen loss: denitrifi cation and anammox
OMZs are regions of severe oxygen depletion (< 20 µM) found at the eastern boundaries of ocean basins, where upwelling of nutrient-rich waters supports high rates of primary productivity ( Figure 1A,C) . The subsequent export of organic matter leads to high rates of subsurface oxygen consumption that is not replenished due to poor ventilation. OMZs are located within the eastern tropical north and south Pacifi c, Arabian Sea, Benguela Upwelling system (off Namibia) and the Bay of Bengal, and these regions are predicted to expand as a result of global warming. Once oxygen has been consumed, the most favorable electron acceptor is nitrate, which is respired and subsequently lost from the system as N 2 ; thus, OMZs enable signifi cant nitrogen loss. It has been shown that 20 to 40% of nitrogen loss occurs in OMZs, which make up less than 1% of the total ocean volume. As a result, these regions have a strongly negative N* ( Figure 1C ).
However, it should be noted that it is not just these pelagic OMZ regions Current Biology 27, R431-R510, June 5, 2017 R477 that have negative N* values; the same feature occurs in oxic shelf regions, for example the Arctic ( Figure 1C ). This could be due to one of two factors: intense sedimentary nitrogen loss or inputs of nutrients to the region with a surplus of phosphate relative to nitrate. Nitrogen loss in shelf sediments is poorly constrained and inherently not considered in predictive models. Slightly more is known about deep ocean sediments which account for a signifi cant proportion of the global nitrogen sink. These factors restrict our ability to assess the magnitude of nitrogen loss from the modern ocean, which is currently estimated to be ~170-300 Tg nitrogen per year.
Traditionally it was thought that nitrogen loss only occurred when heterotrophic denitrifi ers carried out the step-wise reduction of nitrate to nitrite, nitric oxide, nitrous oxide and then N 2 (Figure 2) . However, in the last decades it has been revealed that nitrogen cycling within OMZs is a complex interplay between multiple processes. For example, denitrifi cation is probably rarely carried out by single microorganisms, but rather by consortia, and, most signifi cantly, a major newly recognized, chemolithoautotrophic nitrogenloss process, anammox, has been described.
Anammox is the anaerobic oxidation of ammonium to N 2 , using nitrite as an electron acceptor (Figure 2 ). Anammox bacteria in the marine environment were fi rst discovered in 2003, although a role for anaerobic ammonium oxidation had been postulated much earlier. Across OMZ regions, anammox has been shown to be the principal mode of nitrogen loss. Anammox rates have been shown to strongly correlate with the export of organic matter. This correlation is the result of sinking organic matter being remineralized and releasing ammonium, one of the key substrates needed for anammox. Dissimilatory nitrate reduction to ammonium has also been observed within OMZ systems, but the extent to which it regulates nitrogen loss, for example by supplying ammonium to anammox bacteria, has yet to be elucidated. An additional and previously overlooked source of ammonium to shelf OMZs is the ammonium fl ux from the underlying sediment (Figure 2) , with recent work suggesting that this could support approximately 50% of the measured anammox. Phosphate and iron fl uxes from sediments have also been shown to be enhanced in shelf OMZs and a fraction of this could potentially reach surface waters, thereby supporting primary productivity.
Challenges, uncertainties, and the next steps…
The availability of nutrients, in particular nitrogen, exerts a critical control on ocean primary productivity. In light of human perturbations of global nutrient cycles, it is absolutely necessary to gain a mechanistic understanding of the biogeochemical processes driving the availability of nutrients in the ocean before reliably predicting future scenarios. However, the study of the biogeochemical processes is far from trivial with major challenges ahead of us.
Geochemical approaches have given us a basic understanding of the distribution of nutrients and the processes affecting these. More targeted studies are needed in areas previously overlooked, such as the continental shelves and the polar regions, to fully understand their contribution to nutrient turnover.
Although research has traditionally focused on the use and turnover of inorganic nutrients, it becomes increasingly apparent that microorganisms are more versatile than previously thought. This emphasizes the need to determine the role of dissolved organic nutrients as well as trace metals in both assimilatory and dissimilatory processes.
For many of these processes, it is currently unclear which organisms are the key players. In the era of highthroughput sequencing, -omics tools have frequently been employed to characterize microbial communities. It remains a challenge to link organisms to active nutrient cycling in the ocean using this approach, though. Recently developed single-cell techniques can bridge this gap and offer new insight into the regulation of processes in the environment. Further technological developments coupled to crossdisciplinary approaches will advance our understanding of nutrients that limit growth in the modern ocean at temporal and spatial scales.
